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Copper-based ternary bimetal chalcogenides have very promising potential as 
multifunctional theragnosis nanoplatform for photothermal treatment of tumors. 
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However, the design and synthesis of such an effective platform remains challenging. 
Herein, hydrophilic CuCo2S4 nanocrystals (NCs) with a desirable size of ~10 nm were 
synthesized by a simple one-pot hydrothermal route. The as-prepared ultrasmall 
CuCo2S4 NCs show: 1) intense near-infrared (NIR) absorption, which is attributed to 
3d-electronic transitions from the valence band (VB) to an intermediate band (IB), as 
identified by Density Functional Theory (DFT) calculations; 2) high photothermal 
performance with a photothermal conversion efficiency up to 73.4%; and 3) capability 
for magnetic resonance (MR) imaging, as a result of the unpaired 3d electrons of 
cobalt. Finally, we, for the first time, demonstrated that the CuCo2S4 NCs are a 
promising “all-in-one” photothermal theragnosis nanoplatform for photothermal 
cancer therapy under the irradiation of a 915 nm laser at a safe power density of 0.5 
W cm-2, guided by MR and infrared thermal imaging. Our work further promotes the 
potential applications of ternary bimetal chalcogenides for photothermal theragnosis 
therapy. 
 
1. Introduction 
Copper-based chalcogenides have been proved as a new class of efficient 
photothermal therapy (PTT) agents due to their low cost, facile synthesis, high 
photothermal performance and good photostability, as well as their simple chemical 
formula with complicated crystal structures and variable compositions.[1, 2] Currently, 
several kinds of copper-based chalcogenides, such as Cu9S5,
[3] Cu9S8,
[4] Cu7.2S4,
[5] 
Cu2-xSe
[6] and CuTe,[7] have been developed as PTT agents. These binary copper 
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chalcogenides exhibit a strong absorption in near-infrared (NIR, 700-1400 nm) region 
that is frequently used by PTT agents and this results in deep penetration of the light 
to near surface tissue. The NIR absorption properties of copper-based chalcogenide 
nanostructures mainly result from 3d electron transition between Cu+ and Cu2+ in 
mixed valence materials, thus there is a coexistence of Cu+ and Cu2+ and even many 
copper vacancies in these copper-based chalcogenide nanostructures.[8, 9] Though 
considerable progresses have been achieved in the preparation of copper-based 
chalcogenide nanostructures, there still remains a notable challenge for copper-based 
chalcogenide nanostructures to be used in PTT, i.e. safety, the accumulation of 
nanoparticles in the vital organs without timely clearance from the body could lead to 
acute toxicity and/or a long-term inflammatory response. A direct and efficient 
strategy is to reduce the size of PTT agents to ≤ 10 nm that can be rapidly removed by 
the renal system, [10-13] decreasing the nanoparticles’ accumulation in the vital organs. 
What’s more, smaller PTT agents show better photothermal effect than larger ones 
due to less light scattering that does not contribute to heating when irradiated by 
lasers.[3, 6] However, smaller particles (≤ 10 nm) often have a drawback of shorter 
blood circulation time which doesn’t benefit the tumor uptake of PTT agents. In 
addition, these copper-based chalcogenide nanostructures as PTT agents must be 
effective. For effective PTT, the agents should exhibit not only a high photothermal 
performance for PTT of cancers but a capacity of the diagnoses of cancers.[13-16] 
Therefore, it is of great importance to rationally design copper-based chalcogenides 
with small size, relatively long blood circulation time, high photothermal performance 
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and imaging capability to realize efficient PTT of cancer. 
It should be noted that most research on copper-based chalcogenides as PTT agents is 
copper-based binary chalcogenides (Cu2-xE, E =S, Se, Te, 0 ≤ x ≤ 1). Compared with 
binary chalcogenides, ternary bimetal chalcogenide nanomaterials could inherit the 
properties from their parent binary chalcogenides and produce new properties.[9, 17-19] 
However, only a few reports have been reported on these nanoscale copper-based 
ternary chalcogenides, due to the difficulty in synthesis of this type of nanomaterials 
as pure phases.[9, 20, 21] Our previous work on Cu3BiS3 nanocrystals (NCs) is the first 
report to demonstrate the feasibility of copper-based binary sulfides as a photothermal 
theragnosis agent.[9] These Cu3BiS3 NCs show a strong NIR absorption because of the 
coexistence of Cu+ and Cu2+ and computed tomography (CT) imaging from the 
intrinsic property of bismuth, but unimpressive photothermal effect due to the size 
~300 nm that results in more light scattering. The performances of Cu3BiS3 NCs have 
been greatly improved when the size is reduced to 10 nm,[13] However, a considerable 
high concentration (in the order of mg/mL range) of the PTT agents is required for the 
effective CT imaging,[13, 15, 22] which inevitably causes toxic effects to the body. In 
comparison with CT imaging, a relatively low concentration (in the order of ug/mL 
range) of the PTT agents is needed for effective magnetic resonance (MR) imaging.[20, 
23-25] All in all, the synthesis of new ultrasmall copper-based ternary chalcogenide 
nanoparticles with strong NIR absorption and ability of MR imaging is highly 
desirable to meet the challenges in photothermal therapy. 
Here, ultrasmall pure phase copper-based ternary chalcogenide nanoparticles, 
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CuCo2S4 NCs, are prepared by a one-pot hydrothermal route in the presence of 
ethylenediamine. The theoretical calculations reveal that there is an intermediate band 
(IB) in the fundamental gap of CuCo2S4, which leads to the as-prepared CuCo2S4 NCs 
exhibit strong NIR absorption resulted from the electron transitions from the valence 
band (VB) to the intermediate band (IB). The 915 nm-laser-irradiation of an aqueous 
suspension of CuCo2S4 NCs can exhibit significant heating, with a photothermal 
conversion efficiency of 73.4%. The as-prepared CuCo2S4 NCs also possess 
T1-weighted magnetic resonance (MR) imaging because of unpaired 3d electrons of 
cobalt. Finally, we successfully demonstrated that the as-prepared ultrasmall CuCo2S4 
NCs can be used as a novel and efficient “all-in-one” photothermal theragnosis agent 
for the MR/IR thermal imaging and photothermal therapy of cancers. To the best of 
our knowledge, the synthesis and bioapplication in photothermal theragnosis therapy 
of ultrasmall CuCo2S4 NCs have not yet been reported. 
2. Results and Discussion 
 
Scheme 1 . Schematic illustration of ultrasmall CuCo2S4 NCs used as a novel and 
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efficient “all-in-one” photothermal theragnosis agent for the MR/IR thermal imaging 
and photothermal therapy of cancers. 
 
As illustrated in Scheme 1, our “all-in-one” photothermal theragnosis nanoplatform 
are made from ultrasmall CuCo2S4 NCs. These nanocrystals were prepared by a facile 
one-pot hydrothermal synthesis method in the presence of ethylenediamine and poly 
vinyl pyrrolidone (PVP). Thus, ultrasmall CuCo2S4 NCs are hydrophilic and coated by 
PVP, evidenced by Fourier transform infrared spectrum (Figure S1). As a result, the 
NCs are hydrophilic without any modification, and they can remain unchanged after 
being dispersed in water for at least one month and in saline/ RPMI-1640 culture 
medium for 7 days (Figure S2) due to the small size and PVP coating. To confirm the 
crystallographic structure, the NCs were first measured by powder X-ray diffraction 
(XRD). As shown in Figure 1a, the pattern could be well indexed to the cubic spinel 
CuCo2S4 phase (JCPDS no. 42-1450). No peaks of any other phases were detected, 
indicating the high purity of the final product. More information on the composition 
and chemical bonding state of the NCs were performed by X-ray photoelectron 
spectroscopy (XPS, Figure S3 in the Supporting Information), showing that the 
as-prepared sample is mainly composed of Cu, Co, and S elements without other 
obvious impurities (the C and O peaks originate from the ligands). Figure 1b shows 
high-resolution XPS analysis of Cu 2p and Co 2p of CuCo2S4 NCs. The Cu 2p 
spectrum (red line) presented a 2p3/2 (931.8 eV) spin-orbit peak and a 2p1/2 (951.4 eV) 
spin-orbit peak; in addition, the Cu 2p3/2 satellite peak of Cu(II), which is usually 
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located at about 942 eV, did not appear in the spectrum.[26] Therefore, there is only 
Cu(I) detected in CuCo2S4. Also, a Co 2p3/2 (778.1 eV) peak and a Co 2p1/2 (793.3 eV) 
peak, as well as two shakeup satellites, in the Co 2p spectrum (blue line) confirmed 
the coexistence of two cobalt oxidation state: Co2+ and Co3+.[27] Based on the above 
results, it can be concluded that the pure CuCo2S4 phase was successfully formed. 
 
Figure 1. (a) Powder XRD patterns of the as-prepared nanocrystals (red line) and the 
standard CuCo2S4 powders (blue bar) from the JCPDS card (no. 42-1450). (b) 
high-resolution XPS spectra of Cu 2p and Co 2p. (c) Typical low-magnification and 
(d) HRTEM images of as-synthesized CuCo2S4 NCs. 
 
The morphology and size of the as-synthesized CuCo2S4 NCs were measured by 
transmission electron microscopy (TEM). As shown in Figures 1c and S4, CuCo2S4 
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NCs are spherical particles with a size of 10±2 nm. Further investigation of the 
microstructure by high-resolution TEM (HRTEM) shows a well-defined crystalline 
lattice with an interplanar spacing of 0.167 nm (Figure 1d), which corresponds to the 
d-spacing for (044) planes of cubic spinel CuCo2S4 crystal. Nanomaterials prepared 
by hydrothermal system usually shows a size of above 100 nm,[2, 9, 28, 29] which have 
short circulation time as large nanoparticles could be removed by the 
reticuloendothelial system, primarily by the liver and spleen.[9, 30] The current 
as-prepared CuCo2S4 NCs, being only of 10±2 nm, may show longer blood circulation 
time when intravenously administered. This effective particle size reduction may be 
attributed to the presence of ethylenediamine, which acts as a complexing agents 
controlling the release rate of metal cations (Cu2+, Co2+) during the reaction. To 
clarify this, we also carried out the reaction without ethylenediamine, while keeping 
the other reaction conditions the same. As expected, the resulting CuCo2S4NCs are 
much larger, around 715±74 nm (Figure S5). Thus, the presence of ethylenediamine 
should be the main cause of forming the CuCo2S4 NCs with an ultrasmall size. 
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Figure 2. (a) The structure of the CuCo2S4, where the blue, grey and yellow ball 
represent Co, Cu, and S atoms, respectively. (b) Band structure of CuCo2S4. (c) 
Calculated projected Density of States (pDOS) of the CuCo2S4 of the major 
contributing orbitals by Co and Cu. (d) UV-vis absorbance spectrum (red line) and 
molar extinction coefficient (blue line) for the aqueous dispersion of the CuCo2S4 
NCs. 
 
The 3d electrons in the first-role of transition metals play an impotent role in the NIR 
absorption properties of the corresponding semiconductor compounds.[8, 31] In order to 
give the description of the highly correlated 3d electrons, Density Functional Theory 
with the on-site Coulomb interaction correction (DFT+U) approach was used to 
provide an accurate treatment of localised electron states, with Ueff set to 5 eV and 0.5 
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eV for Cu and Co, respectively, as well tested for the electronic structure and 
ground-state properties of Cu2O and FeCo2S4
[32, 33] The calculation details are given in 
the Supporting Information. The optimised structure is shown in Figure 2a, where the 
Co atoms are covalent bonding with S in an octahedral way, and the Cu are in a 
tetrahedral fashion with the S-Cu-S bond angle is 109.47o. The calculated band 
structure and projected Density of States (pDOS) of CuCo2S4 NCs have been shown 
in Figure 2b&2c and Figure S6 in the Supporting Information, respectively. Clearly, 
the valence band (VB) maximum is located at Γ point, which is mainly contributed by 
the Co d orbital. On the other hand, the conduction band (CB) minimum is located 
along the Γ-R, which gives an indirect band gap of 0.47 eV. Notably, these lower CB, 
largely contributed by Cu atoms, gathered as a narrow intermediate band (IB) in the 
middle. This leaves a large empty band region apart from the higher conduction band 
with the bottom at Γ point, which corresponds to the secondary band gap of 2.12 eV. 
It should be noted that the indirect VB−IB gap of CuCo2S4 is narrower than that (0.67 
eV) of CuFeS2,
[21] which means that optical absorption transition by electrons 
photoexcited to the IB is easier to realize, enhancing photoabsorption. As expected, 
the aqueous dispersion of CuCo2S4 NCs showed strong absorption from visible to 
NIR region, specially increased photoabsorption intensity from 750 to 1100 nm with a 
high molar extinction coefficient of ~ 1.8×107 M-1 cm-1 at 915 nm (Figure 2d), 
conferring the high NIR photothermal effect. 
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Figure 3. (a) Temperature elevation of the aqueous dispersion of CuCo2S4 NCs with 
different concentrations of Co2+ (i.e., 0, 12, 25, 50, and 100 ppm) under the irradiation 
of 915 nm laser with a power density of 0.5 W cm-2 as a function of irradiation time. 
(b) Plot of temperature change (ΔT) over a period of 300 s versus the aqueous 
dispersion concentration of cobalt NCs. (c) Photothermal effect of 50 ppm CuCo2S4 
NCs upon being irradiated for 300 s (915 nm, 189 m W) and shutting off the laser. (d) 
Time constant for heat transfer from the system is determined to be τs = 88.0 s by 
applying the linear time data from the cooling period of panel (c) versus negative 
natural logarithm of driving force temperature. 
 
Based on the features of different kinds of lasers and the NIR absorption of the 
CuCo2S4 NCs, a 915 nm laser was chosen to investigate the photothermal properties 
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of NCs.[34] We first evaluated the photothermal performance of NCs at different 
concentrations (0-100 ppm) under the irritation of a 915 nm laser at a safe power 
density of 0.5 W cm-2 (Figure 3a&3b). Obviously, the CuCo2S4 NCs exhibited 
concentration-dependent photothermal effect, as a control, the temperature of pure 
water showed little change. It should be pointed out that the photothermal 
performance of CuCo2S4 NCs was noticeably better than that of our previously 
reported Cu3BiS3 NCs.
[9] The temperature of a 0.26 mg/mL solution (100 ppm of 
cobalt, determined by ICP-AES) of CuCo2S4 NCs increased by 37.2 
oC after 
irradiation of a 915 nm laser with a safe power density of 0.5 W cm-2, while the 
temperature of 1 mg/mL of Cu3BiS3 NCs only increased by 15.3 
oC after identical 
irradiation.  
We then measured the photothermal conversion efficiency of CuCo2S4 NCs by a 
modified method similar to that on Cu7.2S4 NCs.
[5] The photothermal conversion 
efficiency, T , was calculated using the following Eq. 1: 
max 0hA(T  - T )=
(1 10 )
amb
T A
Q
I 




                                              (1) 
Where h is the heat transfer coefficient, A is the surface area of the container. Tmax is 
the maximum system temperature, Tamb is the ambient surrounding temperature and 
(Tmax - Tamb) was 30.7 
oC according to Figure 3c. I is the laser power (in units of mW, 
189 mW) and Aλ is the absorbance (1.5351) at the excitation wavelength of 915 nm. 
Q0 is the heat input (in units of mW) due to light absorption by the solvent. The 
lumped quantity hA was determined by measuring the rate of temperature drop after 
removing the light source. The value of hA is derived according to Eq. 2: 
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D D
s
m C
hA
                                                           (2) 
where τs (88.0 s) is the sample system time constant, mD and CD are the mass (0.1 g) 
and heat capacity (4.2 J g-1) of deionized water used as solvent, respectively. The Q0 
was measured independently and found to be 11.76 mW. Thus, the 915 nm laser heat 
conversion efficiency of CuCo2S4 NCs can be calculated to be 73.4% which is much 
higher than those of other copper chalcogenides.[3, 5, 6] For comparison, we also 
measured the photothermal conversion efficiency of the 715 nm CuCo2S4 
nanostructures obtained from the reaction without ethylenediamine. Figure S7 
illustrates the measured photothermal conversion efficiency of larger CuCo2S4 
nanostructures, to be 57.4%, much lower than that of 10 nm CuCo2S4 NCs, due to the 
fact that lager nanostructures show more light scattering that does not contribute to 
heating when the photothermal agents are irradiated by lasers.[6]  
 
Figure 4. (a) The TC71 cell viability incubated with the CuCo2S4 NCs with different 
concentrations for 24 h. (b) Cell viability after treatment with different concentrations 
of the CuCo2S4 NCs under a 915 nm laser irradiation at a safe power density of 0.5 W 
cm-2. 
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Such remarkable photothermal conversion performance of CuCo2S4 NCs motivated us 
to utilize these NCs as excellent photothermal agents. Prior to realization of their 
bioapplication, CCK8 assay with TC71 cells was used to evaluate the cytotoxicity of 
CuCo2S4 NCs. As expected, the results in Figure 4a show almost no cytotoxicity to 
TC71 cells for CuCo2S4 NCs with cobalt concentrations below 200 ppm, with the cell 
viability remaining at around 80% when the cobalt concentration was increased to 400 
ppm. We also investigated the long-term toxicity in vivo of these CuCo2S4 NCs by 
histological examination (H&E) analysis for the major organs from the treated mice 
by a single intravenous NCs (400 ppm, 100 L) or PBS solution (100 L) injection, 
respectively. There is no appreciable tissue damage or adverse effect for mice 30 days 
after the administration of the CuCo2S4 NCs (Figure S8). Based on the excellent 
biocompatibility of CuCo2S4 NCs, the photothermal cytotoxicity of the CuCo2S4 NCs 
in different concentrations was evaluated with a 915 nm laser at 0.5 W cm-2. After 
treatment, CCK8 assay was then used to evaluate the photothermal cytotoxicity, as 
shown in Figure 4b. TC71 cells could not be killed when treated only with CuCo2S4 
NCs or by laser irradiation. However, they could be efficient killed with increasing 
nanocrystals concentration when treated with a combination of CuCo2S4 NCs and 
laser irradiation.  
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Figure 5. (a) Flow cytometry analysis of cancer cell apoptosis after the indicated 
treatment. (b) Apoptotic index from panel (a). 
 
The treated TC71 cells were also incubated with Annexin V/PI and analyzed by flow 
cytometry to investigate the cytotoxicity of the CuCo2S4 NCs (Figure 5a). The results 
were in accordance with those of CCK8 assay. Compared to the three control groups, 
significantly higher apoptosis (78.89 ± 4.15%) could be observed in TC71 cells 
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treated together with the CuCo2S4 NCs or laser irradiation (Figure 5b). These results 
demonstrated that TC71 cells can be efficient killed due to the remarkable 
photothermal conversion performance of CuCo2S4 NCs. 
 
Figure 6. (a) In vitro T1-weighted MR images of the CuCo2S4 NCs with different 
aqueous dispersion concentrations. (b) Plots of the 1/T1 value of the CuCo2S4 NCs as 
a function of the concentration of NCs. (c) blood circulation of CuCo2S4 NCs 
following an intravenous injection into tumor-bearing mice, as determined by 
measuring Co concentrations in tissue lysates with ICP-AES. (d) In vivo T1-weighted 
MR coronal views of a mouse before and after an intratumoral injection of the 
solution of the CuCo2S4 NCs.  
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In addition to the issue of the photothermal therapy, CuCo2S4 NCs could be used for 
diagnoses. Previous reports have demonstrated that metal iron with unpaired electrons, 
such as Cu(II), Mn(II) and Gd (III), can be a candidates for T1-weighted magnetic 
resonance (MR) imaging contrast agent.[35-37] In the as-prepared CuCo2S4 NCs, Co
2+ 
and Co3+ also normally possess unpaired 3d electrons (Figure 1b). Thus, as-prepared 
CuCo2S4 NCs may have a great potential to be MR imaging contrast agents. To verify 
our hypothesis, phantom images of aqueous dispersions of the CuCo2S4 NCs and 
proton T1 relaxation measurements at varied Co concentration were performed under 
a 3T MR clinical scanner. Encouragingly, the T1-weighted MR images of the CuCo2S4 
NCs showed a concentration-dependent brightening effect (Figure 6a). The 
corresponding longitudinal relaxivity (r1) of the CuCo2S4 NCs was calculated to be 
r1=1.02 mM-1 s-1, obtained from the slope of the reciprocal of T1 (r1 =1/T1) at various 
Co concentrations (Figure 6b). The r1 value is lower than that of Mn(II)-based 
nanoparticles,[23] but higher than that of Cu(II)-based nanoparticles.[25] The short 
blood circulation time of imaging contrast agents will limit their applications to target 
imaging. Before the ultrasmall CuCo2S4 NCs were used as in vivo MR imaging agents, 
they were intravenously injected into healthy nude mice to measure the blood 
circulation time of CuCo2S4 NCs. Then collected blood samples at different time 
points were digested with HNO3/H2O2 solution to determine their cobalt contents by 
ICP-AES measurements. As shown in Figure 6c, CuCo2S4 NCs exhibit a relatively 
long blood circulation with a half-life of 8.33 h. Then, the contrast enhancing effect in 
vivo was evaluated in TC71 tumor-bearing nude mice before and after intratumoral 
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injection of the ultrasmall CuCo2S4 NCs dispersed in a saline solution (100L, 200 
ppm). As shown in Figure 6d, T1-weighted MR signal showed up in the tumor after 
injection of CuCo2S4 NCs, exhibiting a brighter contrast than other soft tissues. Thus, 
the as-prepared ultrasmall CuCo2S4 NCs are a kind of promising MR imaging agents 
due to their relatively high longitudinal relaxivity and long blood circulation time.  
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Figure 7. (a) Infrared thermal imaging of tumor-bearing mice after an intratumoral 
injection of saline or NCs and exposure to 915 nm laser irradiation at a safe power 
density of 0.5 W cm-2. (b) Temperature change curves of tumors in mice from (a) as a 
function of irradiation time. (c) Growth curves of tumors in mice from the different 
treatment groups. Tumor volumes were normalized to their initial sizes. Error bars 
represent the standard deviations of 5 mice per group. (d) Body weight curves of mice 
in the different treatment groups. (e) Representative photos of mice in different groups 
at the 10th day after PTT treatment. 
 
The excellent PTT in vitro of as-prepared ultrasmall CuCo2S4 NCs motivated us to 
evaluate the PTT of cancer cells in vivo under the guidance of infrared thermal 
imaging. When the tumors in the 24 mice were allowed to grow to a size of 5-10 mm 
in diameter, the mice were randomly divided into four groups with six mice per group 
and then treated differently. The four groups are referred to as (a) mice injected with a 
CuCo2S4 NC solution dispersed in saline and then irradiated for 5 min by a 915 nm 
laser at a safe power density of 0.5 W cm-2 (Group 1, CuCo2S4 NCs + NIR); (b) mice 
injected with a saline solution and then irradiated by the same 915 nm laser (Group 2, 
PBS + NIR); (c) mice injected with a PBS solution only(Group 3, PBS); and (d) mice 
injected with a CuCo2S4 NC solution dispersed in saline only (Group 4, CuCo2S4 
NCs). The full-body infrared thermal images and the temperature change of the tumor 
area under NIR irradiation were monitored by an infrared thermal camera. As shown 
in Figure 7a, infrared thermal images with remarkable contrast could be achieved. 
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For the NCs’ solution injected-mice (100 L, 50 ppm), the tumor surface temperatures 
increased dramatically from ~35 oC to ~63 oC during the 5 min irradiation process, 
which is sufficient to denature the cancer cells (Figure 7b). In contrast, the surface 
temperature of the tumor area of the mice injected with a saline solution (100 L) 
increased by less than 2 oC under the same irradiation condition. These results 
indicate that the CuCo2S4 NCs still possess an excellent photothermal effect in vivo.  
The tumor sizes and body weights of mice were measured every 2 days after the 
above indicated treatments. Figure 7c exhibits the tumor volume change of mice from 
the treated four groups as a function of time. It was found that the tumors in three 
control groups, including PBS injection with (Group 2) or without laser irradiation 
(Group 3), and CuCo2S4 NC injection without laser irradiation (Group 4), showed 
rapid but indistinguishable growth rates. In marked contrast, the tumors treated by 
laser irradiation with the aid of CuCo2S4 NCs (Group 1) shrank and became black 
scars at day 2, and were completely eliminated in 10 days (Figure 7e). No 
reoccurrence was observed in the following days (Figure 7c). Additionally, it was 
observed that the body weights of mice in the four groups were not significantly 
affected after receiving indicated treatments (Figure 7d), suggesting that the current 
dose of ultrasmall CuCo2S4 NCs/915 nm-laser irradiation did not induce acute toxicity 
or noticeable toxic and side effects. Hematoxylin and eosin (H&E) staining of the 
tumors slices was also performed immediately after treatments. Cancer cells in control 
groups (Group 2-4) mainly retained their normal size and morphology, while typical 
signs of cell damage, such as nuclear necrosis and karyopyknosis, were noticed in the 
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tumors with both NC injection and laser irradiation (Figure S9). These results are in 
good agreement with the tumor growth data, further confirmed the highly effective 
and feasible therapeutic efficacy of the combination of ultrasmall CuCo2S4 NCs and 
irradiation of a 915 nm laser with a safe power density. 
 
3. Conclusions 
In summary, the introduction of ethylenediamine into a hydrothermal synthesis 
enables the production of hydrophilic CuCo2S4 NCs with a desirable small average 
size of 10 nm. The presence of an IB in the electronic band structure in CuCo2S4 NCs 
(as supported by DFT+U calculations) accounts for why these NCs absorb intensively 
the NIR radiation, due to ready electron transfer from the VB to the IB. The 
as-prepared CuCo2S4 NCs exhibit a highly photothermal conversion efficiency up to 
73.4% due to intense NIR absorption, relatively small indirect VB-IB gap (0.45 eV) 
and small size. Also, these CuCo2S4 NCs show an effective MR imaging response 
derived from the unpaired 3d electrons, particularly enriched by Co. Furthermore, 
cancer cells in vitro and in vivo can be efficiently killed by the photothermal effects of 
NCs under the irradiation of 915 nm laser at a comparable safe density of 0.5 W cm-2. 
Therefore, ultrasmall CuCo2S4 NCs have a great superiority as a novel “all-in-one” 
photothermal theragnosis agent due to high photothermal conversion efficiency, MR 
imaging response, long blood circulation time as well as their low cytotoxicity and 
low cost. Further studies on targeted cancer therapy and distribution in vivo are 
underway. 
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4. Experimental Section 
Synthesis of ultrasmall CuCo2S4 nanocrystals. All the reagents were purchased from 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and used without further 
purification. CuCl2•2H2O (0.25 mmol), CoCl2•6H2O (0.5 mmol), thiourea (1.5 mmol) 
and poly (vinyl pyrrolidone) (PVP, K30) were mixed together and dissolved in 30 mL 
deionized (DI) water under vigorously magnetic stirring. Then, 100 L 
ethylenediamine was slowly added into the above solution. Finally, the resulting 
solution was transferred to a stainless steel autoclave, sealed, and heated at 160 oC for 
20 h. A black precipitate was collected by centrifugation and washed with ethanol and 
deionized water several times. 
Instrumentation and Characterization. The morphology, size, and microstructure of 
CuCo2S4 NCs were determined by a transmission electron microscope (JEM-2010F; 
Japan). XRD measurements were performed on a D/max-2550 PC X-ray 
diffractometer (XRD; Rigaku, Japan). UV-vis absorbance spectra and diffuse 
reﬂectance spectra were measured at room temperature using a UV-visible-NIR 
spectrophotometer operating from 400 to 1100 nm (Shimadzu UV-3600; Japan). XPS 
measurements were performed on an X-ray photoelectron spectroscopy (XPS; 
ESCALab250; USA). Contents of irons released from as-synthesized CuCo2S4 NCs in 
the samples were determined by an inductively coupled plasma atomic emission 
spectroscopy (ICP-AES; Prodigy; USA). FTIR spectra were measured from the 
samples in KBr pellets using a Fourier transform infrared spectrometer (FTIR; Nicolet 
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6700; USA). The 915 nm semiconductor lasers were purchased from Shanghai Xilong 
Optoelectronics Technology Co. Ltd., China, whose power could be adjusted 
externally (0-2 W). The output power of lasers was independently calibrated using a 
hand-held optical power meter (Newport model 1918-C, CA, USA).  
To measure the photothermal performance, the solution (100 L) of CuCo2S4 NCs 
with various concentrations were irradiated by the 915 nm semiconductor laser 
devices at a safe power density of 0.5 W cm-2 (~ 189 mW for a spot size of ~ 0.38 cm2) 
for 5 min. The temperature was monitored and imaged simultaneously by a thermal 
imaging camera (FLIR A300, USA). 
Theoretical calculations. First-principle spin-polarized calculations were carried out 
using the PBE functional for the exchange-correlation approximation, implanted in 
the Vienna Ab initio Simulation Package(VASP).[38, 39] The lattice parameter is 
adopted from experimental data, 9.4504Å.[40] A plane wave cutoff of 350 eV was 
selected, witha projector-augment wave (PAW) pseudopotential to treat the core 
electrons.[41] All atoms were fully relaxed until the change in force upon ionic 
displacement was less than 0.01 eV/Å, with the change in energies no greater than 10–5 
eV. A Gamma-centered Monkhorst-Pack grid of 7*7*7 k-points was used for all the 
calculations.[42, 43] 
In order to improve the description of the highly correlated 3d electrons, the rotational 
invariant form, DFT+U approach, was used to provide an accurate treatment of 
localised electron states, with Ueff set to 5 eV and 0.5 eV for Cu and Co, respectively. 
They have shown to reproduce well the electronic structure and ground-state 
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properties of Cu2O and FeCo2S4.
[32, 33] In order to driven electron localization to either 
Cu+, Co2+ or Co3+ state, the initial magnetic moments on Cu and Co atoms are set. 
In vitro cell viability assay. The in vitro cytotoxicity was evaluated using the Cell 
Counting Kit-8 (CCK-8) (Dojindo Laboratories, Kumamoto, Japan). TC71 cells were 
seeded into a 96-plate, and incubated with the NCs at different concentrations , and 
then followed either with or without 915 nm NIR laser irradiation at a safe power 
density of 0.5 W cm-2 for 5 min. Finally, cell viabilities were then detected using the 
CCK-8 assay. Moreover, cells processed as above were also determined by flow 
cytometry after Annexin V/PI (eBioscience, San Diego, USA) staining. The washing 
process with phosphate buffer solution (PBS) was performed in all experiments after 
incubation with NCs. All experiments were independently performed three times. 
MR Imaging. The CuCo2S4 NCs with various concentrations (0-3.39 mM) was 
scanned under a 3 T clinical MRI scanner at room temperature. The relaxation rate r1 
was calculated as the reciprocal of T1 (1 =1/T1) at various cobalt concentrations. For 
in vivo MR imaging, TC71 tumor-bearing nude mice were intratumorally injected 
with CuCo2S4 NCs (100 μL, 400 ppm) when the tumor size reached to 5-10 mm. 
Small animal MR images were collected and analyzed on a 3 T clinical MRI scanner 
equipped with a special animal imaging coil. All animal experiments were performed 
in accordance with the guidelines of the Institutional Animal Care and Use 
Committee.  
In vivo Photothermal Ablation. The TC71 tumor-bearing nude mice were 
intratumorally injected with of the CuCo2S4 NCs’ solution (100 L, 50 ppm) or saline 
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solution. After 0.5 h post-injection, the mice with or without the CuCo2S4 NCs’ 
injection were simultaneously irradiated with the 915 nm laser at a safe power density 
of 0.5 W cm2 power density for 5 min. During the laser irradiation, full-body infrared 
thermal images were captured using an IR camera from a photothermal therapy 
monitoring system (FLIR A300, USA). The tumor sizes and the weight of body were 
measured every 2 days. The tumor sizes calculated following the volume = (tumor 
length) × (tumor width)2/2. Relative tumor volumes were calculated as V/V0 ( V0 is 
the tumor volume when the treatment was initiated). For histological examination of 
the tumors, a mouse from each group were sacrificed after indicated treatment, and 
tumors were harvested, embedded in paraffin, and cryosectioned into 4 m slices 
using a conventional microtome. The slices were stained with hematoxylin/eosin and 
examined under a Zeiss Axiovert 40 CFL inverted fluorescence microscope. The 
images were captured with a Zeiss AxioCam MRc5 digital camera. 
Histological Examination Analysis. Tumor-bearing mice were intravenously injected 
with NCs dispersed in PBS solution (100 μL, 400 ppm). For the control, mice were 
intravenously injected with 100 μL of saline solution. After one month post-injection, 
major organs from both treatment and control groups were harvested, including the 
heart, lung, liver, spleen, intestine, and kidney. Then histological examination of 
organs was performed by means of microscopic imaging.  
Blood circulation. For blood circulation time of CuCo2S4 NCs, blood samples were collected from 
the each mouse at the indicated time points, weighed, and then digested with HNO3/H2O2 solution 
to analyze the total amount of cobalt in the blood using ICP-AES. 
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The table of contents entry 
Ultrasmall CuCo2S4 nanocrystals are developed as an efficient photothermal 
theragnosis agent. The nanocrystals exhibit intense near-infrared (NIR) absorption 
attributed to 3d-electronic transitions from the valence band (VB) to an intermediate 
band (IB), as identified by Density Functional Theory calculations, and capability for 
magnetic resonance (MR) imaging, as a result of the unpaired 3d electrons of cobalt. 
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